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ample surface.y Using the EBS technique the orientations of neighboring
rains were -readily obtained with an accuracy of + 0.5 . w T
= i
'“§In austenitic stainless steel (Fe—-18Cr-10Ni) samples anhealed at 120019
or 1 hr., water quenched and aged for various times at 650{C, the degree of

ncreasing width of the g.b. groove. A plot of groove width vs. g.b.
isorientation angle obtained by the EBS technique showed a range of groove
idths for the same angle. Modeling the g.bh. structure based on ideal
rystallography and the coincident site lattice concept provided a

tainless steel (Fe-19 Cr) samples.

The Cr concentration profiles as a function of time were calculated,
using a finite difference method, both along the g.b. and normal to the g.b
Mhese profiles agree well with Cr profiles experimentally measured by other
nvestigators. The calculation includes overlap of the chromium profiles in
he boundary, and considers the dependence of sensitization on aging time,
.b. diffusivity, carbide spacing and g.b. width.

A major difficulty in understanding g.b. corrosion is the difference in
the groove and Cr-profile widths. The observed groove widths are 10 to 100
times larger than the Cr-profile widths.
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Introduction

This paper summarizes our progress to date on one of two thrusts of our
current Office of Naval Research grant on grain boundary corrosion: The
effect of grain boundary structure on the sensitization of stainless steels
(1). The other thrust concerns the characterization and mechanism of the
electrochemical process which occurs in the grain boundary groove, and more
generally in all localized cell corrosion.

Many examples of uneven attack at grain boundaries of a sample are
available in the literature. The energy associated with grain boundaries
makes them favorable sites for solute segregation. precipitation and
electrochemical reactions, one or all of which can lead to corrosion at the
grain boundary. Grain boundary energy is a fui .tion of g.b. structure and,
therefore, varies among the boundaries of a sample. This can cause variations
in the extent of any or all of these processes at the grain boundaries.

Many theoretical models and calculations in the literature consider the
relationship of the grain boundary structure and grain boundary energy.
Notable among them are the dislocation models proposed by Burger (2), Bragg
(3) and Read and Shockley (4). Cusps of lower grain boundary energy were
predicted in the energy vs. misorientation angle at intermediate values of
grain boundary misorientation (4). These cusps have been rationalized on the
basis of the coincident site lattice (CSL) model advanced by Bollman (S).
Coincident sites are those where atoms of the adjacent grains forming the
grain boundary exactly register or coincide. Low energy cusps occur when
coincidence occurs on the same atom at regular intervals of small (atomic)
spacing. An increase in grain boundary energy is associated:-with both a
deviation from a CSL orientation and a closer spacing of associated secondary
grain boundary dislocations. Atomistic calculations can lead to the cusped
nature of the grain boundary energy with misorientation, such as those
performed by Sutton and Vitek (6).

Calculations have also been made on the solute redistribution associated
with segregation or precipitation at a grain boundary. For example, a more
quantitative understanding of grain boundary corrosion of stainless steel is
obtained from the chromium depletion models proposed by Stawstrom and Hillert
(7), Tedmon et. al. (8) and Hall and Briant (9). These models, however, do
contain somewhat arbitrary assumptions, e.g., 20 nm for the minimum width of
the Cr-depleted region (7). Because of these and other assumptions, existing
models are deficient, e.g., they do not adequatelvy model the sensitization
process when chromium profiles in the boundary overlap.

This paper describes a study of the relationship of grain boundary
structure to the extent of the sensitization process in stainless steels.
determinatior of grain boundary structure it was necessary to determine the
orientations of the adjacent grains. This paper also descrihbes a more
complete kinetic model of the sensitization process.

For

Ideally, ‘atom probe field ion microscopy would serve to determine
orientation, grain boundary structure, precipitation of carbides and chromium
depletion. Specimen preparation is difficult since it requires a grain
boundary in the field of APFIM, although some encouraging progress has been
made in the in-situ formation of grain boundaries in the APFIM using a laser
(10). Electron channelling patterns are widely used for such purposes but not
all scanning electron microscopes (SEM) can be used in this way. On the other
hand the electron back scattering (ERS) technique can be used with virtually
all scanning electron microscopes for the determination of crystal orientation
(11-14).
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a: Experimental o
- The EBS technique, originally developed by German researchers (11,12). }
i cagsbe opeg.;ted with an SEM using a stationary electron beam at currents of :
10 © to 10 ° A (13.14). The incident electrons are inelastically scattered by
the sample and then elastically backscattered (Bragg reflected). In order to ,
e sense these Bragg reflected electrons the sample is tilted between 60 and 85°, ¢
‘;~ enabling the backscattered electrons to impinge on a phosphor screen. An SEM $
o micrograph is taken in this position for grain identification. The patterns :
obtained on the phosphor screen are viewed and photographed through a glass y
window that is inserted in an unused port of the SEM sample chamber. »
The patterns produced on the screen conform to stereographic projections ;
.. of the planes of the crystal, therebv enabling both the orientation (to + 8
:m 0.50) and structure of the crystal to be determined. 1In addition, the good t
o spacial resolution enables grains as small as a few m in a polycrystalline '
sample to be analyzed. The quality of EBS patterns depends strongly on the
- surface condition, degrading as reaction-product layers accumulate on the 7
- surface. [
Lye.
. The patterns obtained from the two phases in a dual phase CD-4MCu alloy t
- are shown in Figure 1. The analyses of these patterns, representing a grain ’
e of each phase, austenitic above and ferritic below the micrograph, provides -
the orientations of the two grains and the structures of the two phases. As a !
result of the wide angle of coverage, most EBS patterns can be readily indexed ot
by simply noting the major symmetry elements in the patterns. In the upper 3
left pattern of Figure 1, the two-fold symmetry elements about the <110> pole
are apparent. The completely indexed pattern appears on the right, where f
major poles are labelled within the circle and the planes responsible for i
a producing the respective bands are labelled outside of the circle. Other
aids, in the indexing and structure determination, are the obvious presence or g
absence of major poles and the relative widths of bands in the pattern: both {
are consequences of Bragg reflection. Only for planes satisfying the 1
appropriate structure factor conditions, for the particular crystal system, A
will EBS bands be formed*. As with Kikuchi or electron channelling bands, o
ll widths of EBS bands are proportional to 2 sin 6 where 6 is the Bragg angle.
o It follows that the planes having low indices produce narrow and well defined %
EBS bands. Further details on the EBS technigue and its application in this ;v
e study can be found elsewhere (14). o)
w \
- To establish grain boundary structure, orientation information obtained E
with the EBS technique was combined with the observation that grain boundaries --
F; are often near normal to the sample surface. Therefore, in analyses of the s
T ideal (unrelaxed) grain boundary structure the boundaries were assumed to be A
perpendicular to the sample surface. The resulting boundary structure was 3
- plotted with a Houston Instruments DMP-29 plotter interfaced to a Commodore 64 &
K microcomputer. Plots consist of overlays of the ideal atomic arrangements in -
the boundary plane of both crystals. Angle axis pairs were also calculated )
(15) and by manipulating the rotation matrix used in the calculation so as to =
?? maximize the diagonal terms, the minimum rotation (misorientation) angle was it
Y determined. , N
. »Y
. The effect of crystallography on grain boundary corrosion was studied in g
o an austenitic Fe-18Cr~-10Ni and a ferritic Fe-19Cr stainless steels. Their
L‘ -
- *Note the prominence of the 211 pole in the EBS pattern of the austenitic <
.. phase, formed by the intersection of the 111 and 022 bands. The pattern -
from the ferritic phase, however, prominently displays a 311 pole formed by i
- the intersection of the 112, 121 and 011 bands. ;
[ N C
>
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Fig. 1. SEM micrograph and
EBS patterns of a dual phase
alloy, ferrite matrix and
second phase austenite,
CD-4MCu alley (14).

Figure 2. SEM micrograph of
austenitic stainless steel aged
1 hr at 650°C, and exposed to
1N HZSO4 at 0.34 V (SHE).




copgpositions are given in Table 1. Following rolling to 500 um, 0.5 x 1

cm” samples of Fe—-18Cr-10Ni were cut, mechanically polished, cleaned

"., ultrasonically, individually vacuum encapsulated in Vycor after purging with

l‘ high purity argon and annealed at 1200°C for 1 hr and water quenched
Subsequently, the Fe-18Cr-10Ni samples were isothermally aged at 650°C for 1,
10, 100 or 1000 hr. The ferritic Fe-~19Cr samples were prepared similarly

- after rolling to 1000 m and prepared as above except that the samples were

i‘ either water quenched or air cooled from the 1200°C anneal and not aged.
!! Table 1. Compositions of Stainless Steels
) Alloy Cr Ni C S P BAL
}: Fe-18Cr-10Ni 17.82 9.88 0.11 0.02 0.02 Fe
Fe-19Cr 19.47 - 0.09 0.02 0.02 Fe
-
B Final gréin sizes of both stainless steel samples varied from 10 to 250 wm.

The austenitic samples were heavily twinned. The austenitic and ferritic
. samples were then mechanically polished through 0.05 um alumina. Some of
N these samples were electropolished in a 7% perchloric acid, 90% (glacial)
acetic acid, 3% H,0 solution at 21 V for 30 to 60 s to remove the deformation
- layer in preparation for the EBS analysis.

> The widths of the grooves that formed along the grain boundaries during
anodic polarization were measured. The average values were used to represent
o the extent of corrosion at the different grain boundaries of the sample.

A three electrode closed cell was used to anodically polarize the
samples. Saturated calomel and Pt cyclindrical mesh electrodes were used as
the reference and counter electrodes, respectively. The electrolyte was 1N
H,S0, prepared from reagent grade sulfuric acid and doubly distilled water and
deéaerated with oxygen-free argon. The temperature of the solution was
21 + 2°C. Electrode potentials are reported on the standard hydrogen scale.

g '..&. .

R

After introducing the sample, the cell was allowed to stabilize until the
corrosion potential approached a nearly constant value, typically after 10
. minutes. Constant potentials of 340 and 140 mV (SHE) for the austenitic and
ferritic samples, respectively, were used based on numerous trials which
showed these potentials provided the greatest degree of intergranular attack
L; in sensitized samples. Both alloys are passivated at these potentials in the
I nonsensitized condition. The time of these constant potential exposures
ranged from 300 to 1800 s. The samples were then analyzed by light and
scanning electron microscopy and the EBS technique.

o
‘: The finite difference calculations of the diffusion profiles in, and
normal to, the grain boundary required a large number of operations to perform
= an adeguate simulation, and were accomplished using a high speed IBM 4381
}: computer. Typically, for an adequate simulation of a one hour sensitization
- process, computer execution times would range from approximately 10 to 15
minutes.
-
o
Results
S

-~ Austenitic Stainless Steel

The anodic polarizatlon curves for the Fe-18Cr-10Ni samples, annealed and
isothermally aged at 650 °C for various times, show that with increasing aging
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time, the active-passive transition occurs at more oxidizing potentials and
the passive current density increases. Similarly aged Fe~18Cr-10Ni samples
were polarized at 340 mV (SHE) for 5 min and examined by SEM. Strong grain
boundary corrosion occurred in contrast to unsensitized samples which showed
no grain boundary attack. With increasing aging times. the degree of grain
boundary corrosion increased, as indicated from the measured groove widths,
approximately 0.5 to 1um and 2 to 3 um for 1 and 1000 hr at 650°¢C,
respectively. After 1 hr aging at 650°C, several grain boundaries were
strongly attacked during polarization, whereas others remained intact, Figure
2. Coherent twin boundaries also showed no sign of dissolut1on for the
samples that were polarized after aging for 1 hr at 650°C. With increasing
aging time, the extent and density of corroded grain boundaries increased.
After 100 hr of aging, grain interiors also exhibited substantial localized
attack, and the severely grooved grain boundaries revealed a continuous grain
boundary phase, presumably Mz C,. The continuity of this phase was even more
visible after 1000 hr of aging, since it stood in relief along all of the
grain boundaries. The plate-like precipitate was oriented, for the most part,
normal to the sample surface. After 1000 hr of aging, the coherent twin
boundaries were also heavily attacked and, in addition, contained a narrower
groove centered along the major groove bottom. This narrower groove was
visible because carbides were not present in the twin boundaries in contrast
to their strong prominence aloug all of the grain boundaries.

Because one hour at 650°C produced the greatest variation in
sensitization of the boundaries., EBS pattern were obtained for the grains in
Figure 2, and analysed for misorientation angle and ideal (unrelaxed) atomic
structure of the boundaries. The misorientation angles varied over a wide
range with a larger than random number of low angle boundaries. The groove
width was not simply related to misorientation angle, e.g., a wide range of
groove widths occurred for the same 1b° angle, and there was no apparent
relationship between groove width and misorientation angle.

Boundaries with similar misorientation angle, that exhibited different
corrosion behavior after 1 hr aging at 650°C, were examined in more detail.
In the several boundaries examined, it was apparent that the underlying factor
determining the degree of sensitization and grooving was the coincidence of
the atomic positions of the two lattices at the boundary. Coincidence was
found to be relatively low for heavily grooved boundaries and relatively high
for lightly grooved boundaries of the same misorientation. A particularly
striking example of a nearly perfect coincidence and a quite low coincidence
is shown in Figure 3 for the ferritic stainless steel.

YTy

Ferritic Stainless Steel

A variable amount of grain boundary attack was also observed 1n the
Fe-19Cr alloy, anodically polarized following a quench from the 1200°¢
annealing temperature. EBS patterns from the individual grains were obtained,
and the grain boundary atomic structures were determined. A relationship
between misorientation angle and grain boundary groove width was observed as
shown in Figure 4, in contrast to the absence of a relationship in the
austenitic samples. Atomic structures of a single boundary, which was heavily ;
grooved over one segment and lightly grooved over another segment, are shown .
in Fizure 3. The misorientation angle, between the adjacent grains in Figure
3, 1s 9°.

Finite Difference Model of Sensitization

By employing finite difference calculations, a kinetic model of
sensitization was developed for stainless steel. It overcomes many of the .
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Figure 3. Ideal atomic arrangem;nts for two segments of a grain boundary of
9° misorientation angle. (a) heavily grooved segment, (b) lightly
grooved segment.
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. for a sample of the ferritic stainless steel.
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limitations associated with earlier models. The phenomenological approach,
assumptions, results and conclusions will be presented here.

The physical model consists of the growth of two parallel lath-like grain
boundary precipitates. in which both the grain boundary and the volume
diffusion play a role. Grain boundary diffusion produces a composition
profile in the boundary. Volume diffusion produces profiles normal to the
boundary. One way to envision the model is to consider a fast, but narrow
diffusing grain boundary region bordered by a slowly leaking bulk phase. This
is essentially the basis of the "collector plate" model, proposed by Aaron and
Aaronson (16). For the particular case of sensitization, the model also
considers that a boundary is sensitized when the chromium concentration
throughout the boundary falls below 13 at Z%.

In developing the finite difference equation for the grain boundary
concentration profiles, it is assumed that

1. Volume diffusion only occurs normal to the boundary.

2. The boundary composition is constant in the thickness direction,
i.e., no y direction profile in the boundary.

3. Carbide growth is slow enough so that the carbide matrix interface
remains essentially stationary.

Some additional assumptions are the same as needed for the simpler
one~dimensional diffusion problem.

The finite difference calculation of diffusion profiles in, and normal
to, the grain boundary is a two-step process for each iteration. First, the
chromium concentration profile in the boundary after an increment of time At
is calculated. TFor the first iteration, all values are equal to the bulk Cr
concentration, except for the boundary concentration at the carbide surface.
The latter is the chromium concentration in the matrix in equilibrium with the
Cr 3C carbide at the matrix-carbide interface. After completion of the
ca%cu?ation of the Cr concentration profile in the boundary, Cr profiles are
calculated normal to the boundary. This completes one iteration of the
calculation. The process is repeated ts/At times, where ts equals the total
simulation time of diffusion.

Since the model includes sensitization time and temperature, precipitate
spacing, grain boundary and volume diffusivity, and grain boundary width as
parameters, it provides a powerful means to theoretically investigate the
sensitization process with a strong emphasis on the effect of grain boundary
structure.

Sensitization time as a variable is illustrated for an austenitic
stainless steel containing 18 Cr is shown in Figure 5. The profiles in the
boundarv (x direction) and normal to the boundary into one of the adjacent
grains (y direction) are shown. The dashed line in the grain boundary plane
represents the 13 atk Cr level. For the calculation, a temperature of 650°C
was chosen because it {s near the "knee'" of the time-temperature-sensitization
curve (17). The corresponding grain bogT?ar§ and volume diffusiYgtiea for the
austenitic stainless steel are D = 10 cm s and D = 10 cm
(18). The wmatrix composition ingequilibrium with the cég§§de precipitate was
taken as 10 at.%. Grain boundary width was set at ¢ = 10 cm, and carbide
spacing was set at 1.02 um based on a measured average carbide spacing of ~lum
for austenitic stainless steels sensi:ized near this temperature (19). The
calculation was done for sensitization times of 1, 10, 100, 1000 and 10,000 s.
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Figure 5.

853 %8

a) 1 sec

c) 100 sec

d) 1000 sec

e) 10000 sec

Calculated Cr concentration profiles in the boundary (x direction)
and normal to the boundary into one of the adjacent grains (v)
for a carbide spacing of 1.02 um in austenitic stainless steel

aged at 650°C for various times.
the vertical axis (z direction).
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After 1 s, a profile in the grain boundary is already forming while the .:xf

concentration normal to the boundary remains essentially constant (Figure 5a). yﬁ;

After 10 s, the boundary profiles are more developed but still not overlapping in:

and the profiles normal to the boundary are just becoming noticeable. -
Overlapping of the profile in the boundary plane appears after approximately =

100 s. After 1000 s, overlapping is extensive and over one-guarter of the é{f

boundary (near the carbides) has less than 13% Cr and the profiles normal to W

the boundary are also well cleveloped;6 The profile normal to the boundary, o

however, is still quite shallow (-10 cm). At 2290 s (-~50 min), the Cr Ve

concentration is below 13 at % Cr at all points in the grain boundary, in e

agreement with most experimental results that indicate sensitization at 650°¢C

A

occurs in approximately 1 hr. },‘
Several parameters can be varied in the model. Carbide spacing as 3, :}¢:
variable was illustrated, by comparigg results for a spacing of 0.5 x 10 cm o
with the above results for 1.0 x 10 cm, keeping all other values the same. A
A marked difference was apparent once overlap of the profiles occurred in the o |
boundary. Overlap occurs after only 10 s for the 0.5 um spacing, whereas it f "
does not occur in that time for the 1 um spacing (Figure 5b) i.e. with the A
narrower precipitate spacing, the chromium concentration is lower in the i i
t. boundary plane. In contrast, overlap does not occur for either spacing aftgr e
N 1l s and accordingly, the calculated profiles are identical. As time at 650°C .;aj
increases to 100 s, the difference in Cr level in the boundary for the two 7f;
. carbide spacings increases and is still large at 1000 s. Furthermore, by 1000 Ef?
t: s the chromium concentration falls below 13 at.”% along the entire boundary for N
) the narrower spacing, in contrast to the situation for the larger spacing R
(Figure 5d). With further increase in time, the difference in Cr level in the %Y
boundary for the two spacings begins to decrease and eventually vanishes as -:::
the Cr concentration falls to the equilibrium value (10 at.%) everywhere in a
the boundary. At this time the Cr concentration for the two spacings normal -
to the boundary also approach the same profile, expectantly an "erf" type t{:ﬁ
profile in accord with a uniform boundary composition. :%:3
QLS
For ferritic stainless steels sensitization occurs relatively quickly, t}\i
typically within the period of a quench from a high temperature anneal. This s

is consistent with a volume diffusivity of chromium that is almost two orders
of magnitude greater in ferritic than in austenitic stainless steel (20), as
well as a higher interstitial diffusion. A higher diffusivity in the ferritic
phase, coupled with little difference in the grain boundary diffusivities
(18), provides for a smaller carbide spacing for the ferritic than the
austenitic stainless steel. As a first approximation for application of the
finite difference model to ferritic stainless stegé, carbide sgacing and
sensitization temperature were assumed to be 5x10 c¢m and 550°C,

. . ."
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respgiiively. A51§50°E, ggb and D , vere calculated to be approximately i
1x10 and 3x10 cm” s &, respechvely. The bulk concentration was set at L
18 at % Cr, and the eaquilibrium carbide-matrix composition was assumed to be :Q{:
10 at. % Cr. The grain houndary width was assumed to be 10 ' cm. The s
chromium profiles for 1, 10, 100 and 1000 s were calculated and appear -
reasonable based on continuous cooling results (21) but, unfortunately, no 735
direct isothermal aging experimental results are available. 3;;
Calculations of the Cr profiles using the finite difference method were } $

also done for the conditions of available experimental data in the literature. i{j
S

The finite difference calculations produced excellent agreement with the s
experimentally determined Cr profiles, in and normal to the grain boundary, by . q
Hall and Briant (9).
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Effect of Grain Boundary Structure

In both the austenitic and the ferritic stainless steels, chromium
carbide precipitation during heat treatment occurred to different extents
among boundaries of the same omple. This was shown by different amounts of
grooving among the boundaries. 1In the ferritic alloy the precipitation
process is much faster, in accord with the higher bulk chromium and
iaterstitual diffusivities in the matrix. As a result, precipitation in the
ferritic alloy proceeds to the advanced stage of a continuous phase along
grain boundaries during very brief excursgons in the sensitization temperature
range, e.g., during cooling from the 1200 C anneal. On the other hand, for
the austenitic allov, follow up isothermal aging for relatively long times is
required to sensitize the grain boundaries. 1In this case a qualitative
relation between the required aging time for sensitization and boundary energy
is evident: the lower the boundary energy, the longer the aging time. Even
the very low energy coherent twin boundaries are sensitized after 1000 hr at
650°C, although, apparently, they do not contain carbides in contrast to all
of the grain boundaries which do. One explanation is that the energy of the
coherent twin bundaries is so low that carbides do not nucleate. 1In this
event sensitization of these boundaries would have had to occur by chromium
diffusion along the twin boundaries to carbides in the adjacent grain
boundaries.

The differences in the amount of corrosion among various grain boundaries
in a sample were significant in both the ferritic and austenitic alloys. The
total amount of carbide per unit length of grain boundary, nuclei density and
growth rate are all expected to be strong functions of grain boundary
structure which in turn depends on such parameters as the misorientation angle
and the boundary plane orientation.

Misorientation angle was clearly found not to be sufficient by itself to
determine the relative amounts of grain boundary grooving among the
boundaries, particularly in the austenitic alloy where the carbide
distribution along grain boundaries in the same sample ranged from small,
widely spaced precipitates to a continuous phase. Misorientation angle
however, provided more insight in the case of the ferritic alloy where. in
contrast to the austenitic alloy, a relation between groove width and
misorientation angle was observed (Figure 4). Boundaries, misoriented by less
than 10 degrees, exhibited low degrees of corrosion. The number of grain
boundaries with low misorientation angle was higher than that for a random
distribution, in both the ferritic an austenitic alloys.

The sharp change in groove width with misorientation angle at
approximately 8-10° in Figure 4 suggests that below this angular range little
or no carbide formation occurs: whereas above this value carbides nucleate and
grow with the total amount of carbide formed being nearly constant with
misorientation angle above 10°. 1In the 8~10° angle range a wide spectrum of
groove widths was observed, indicating that other parameters are reguired to
describe the precipitation process in these boundaries. Analysis of the
coincidence of atomic sites, at the grain boundary, of adjacent grains was
helpful in this regard. 1In particular, a boundary with a misorientation angle
of 9° provided a rare opportunity since one segment was heavily grooved while
another segment was lightly grooved. The ideal atomic arrangements of these
segments shown in Figs. 3a and 3b indicate that the heavily grooved segment
has a low coincidence and, therefore, is of a high energy: whereas the lightly
grooved segment has a high coincidence and is of low energy. These results
are in accord with the expected behavior between the extent of the
sensitization process and the boundary energv.
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In the case of the austenitic stainless steel where no relation was
apparent between groove width and misorientation angle over the entire angular
range, it was again apparent from consideration of the atomic arrangements
that the more heavily grooved boundaries were of lower coincidence and higher
energy than the lightly grooved boundaries.

Corrosion Mechanism

Although the use of groove width as a relative measure of the extent of
grain boundary carbide formation is largely born out by the results, groove
width is not simply related to the chromium concentration profile. The latter
conclusion is also apparent from micrographs in papers by Briant (22) and
Streicher (23). The fact that groove width is one or even two orders of
magnitude larger than the Cr profile normal to the boundary, indicates that
the grain boundary dissolution process is more complicated than the simple
dissolution of the Cr-depleted alloy. One possibility is that after
dissolution of the Cr-depleted alloy, a localized corrosion condition
develops. Stainless steel is susceptible to pitting and crevice corrosion at
potentials in the passive region. The initial groove has the appropriate
geometry and dimensions to function as a crevice. This, or some other
two-step grain boundary corrosion process, is also indicated by the presence
of a narrower groove at the bottom of the main groove of the coherent twin
boundaries. The narrower groove could have formed by the dissolution of the
Cr-depleted alloy.

Finite Difference Model

Of the several assumptions in the finite difference calculation,
seemingly only in the case of the ferritic stainless steel is there some
question. This concerns the assumption that the matrix/carbide interface is
stationary. Because the carbides are so close together in the boundaries of
the ferritic alloy, the actual motion of the boundaries becomes a significant
fraction of the carbide spacing during the longer simulated aging times.
Thus, for the ferritic stainless steels, a moving boundary calculation would
give more realistic profiles. On the other hand, in the case of the
austenitic stainless steels all of the assumptions seem well justified and
this is borne out by the good agreement with the available experimental data
(9).

Like the finite difference model in this work, models of sensitization
applied by Tedmon et al. (8) and Hall and Briant (9) are based on the
collector plate concept. The major improvement of these two models over the
Stawstrom-Hillert model was the prediction of Cr concentration profiles in the
boundary between carbide particles. The shortcoming of both these models,
however, is that the concentration profiles between neighboring grain boundary
carbides were not permitted to overlap. Thus, midway between the carbide
precipitates, the grain boundary Cr concentration was fixed to the initial
bulk level. While these models are representative of the very initial stage
of sensitization, they cannot describe the condition where an entire boundary
will be depleted to less than 13 at % Cr. Nevertheless, during the initial
stage of sensitization, the behavior of the finite difference model parallels
that of these two limited analytical approaches.

Conclusions
l. The electron backscattering (EBS) technique is both a powerful and easily

implemented method for accurately determining the crystallographic
orientation and cryvstal structure of small samples.
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e 2. Grain boundary structures of higher energy sensitize more readily and
extensively, and are more corroded in both austenitic and ferritic
- stainless steels.
3. For ferritic stainless steel, grain boundary corrosion is low for
; G
. misorientation angles below 10 .
- ":
ke 4. A phenomenologically based finite difference model of the "collector

plate" mechanism of grain boundary precipitate growth has been

successfully developed and used to predict chromium concentration profiles
. that agree well with experimentally determined profiles. The model avoids
s certain limitations of existing models and has the capability of being

applied in all situations (short, intermediate and long term). It also

| A NN, OIS |« FASNIRE RSN

5 indicates in what situations existing analytical models can correctly be
o apolied.
- 5. The model has been successful in treating for the first time the transient

period when grain boundary chromium profiles overlap in the boundary.

6. The model relates aging time, temperature and grain boundary structure to
sensitization times. Conversely, having Cr profiles in and normal to the
grain boundary, carhide spacing or diffusion coefficients can be
calculated.

7. Measured Cr depletion zones are much narrower than grain boundary groove

B widths. This suggests a corrosion mechanism that involves more than the
simple dissolution of the Cr depleted regions.
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